In this work we experimentally demonstrated the near-field thermal radiation enhancement over the blackbody limit by 11 times between highly doped silicon chips with 1×1 cm 2 size at a vacuum gap distance of 190±20 nm under a temperature difference of 74.7 K above room temperature. SU-8 polymer posts, which significantly reduced the conduction less than 6% of the total heat transfer due to its low thermal conductivity, were carefully fabricated with different heights to directly create vacuum gaps from 507±47 nm down to 190±20 nm precisely determined in-situ by capacitance measurement. Experimental results were validated by theoretical calculations based on fluctuational electrodynamics, which revealed the enhancement mechanism mainly as coupled surface plasmon polariton. The experimental method developed here will facilitate the potential applications of near-field radiative devices made of electrically conductive materials like metals, graphene, and transparent conductive oxide besides heavily doped semiconductors for thermal energy conversion, radiative thermal rectification, and radiative heat modulation.
Thermal agitation of charges inside a body at finite temperature above zero degree can emit propagating waves related to far-field thermal radiation as well as evanescent waves associated with near-field thermal radiation.
1,2 While Planck's law well describes the blackbody radiation, it is restricted to the cases where distances between bodies are greater than the characteristic thermal wavelength. 1, 2 In the near-field regime however, the radiative heat flux can exceed the blackbody limit by a few orders of magnitude due to coupling of evanescent waves or so-called photon tunneling within the subwavelength vacuum gap between the emitter and receiver. [3] [4] [5] [6] Applications of near-field thermal radiation (NFTR) are numerous ranging from thermal imaging, [7] [8] [9] thermopower conversion, [10] [11] [12] [13] [14] radiative cooling, [15] [16] [17] [18] to contactless heat flow management such as thermal rectification [19] [20] [21] [22] and modulation [23] [24] [25] [26] [27] .
Most of the recent parallel-plate NFTR experiments demonstrated enhanced heat transfer beyond blackbody limit across submicron vacuum gaps with polar materials like SiO2 and Al2O3
by taking advantage of their phonon polaritons in the infrared. [28] [29] [30] [31] [32] [33] Noble metals with plasma frequencies in ultraviolet and visible ranges usually do not significantly enhance NFTR around room temperature due to non-resonant near-field coupling. [34] [35] [36] [37] On the other hand, doped semiconductors like silicon, which are widely used in microelectronics, were predicted to enhance near-field radiative heat transfer across nanometer vacuum gaps with coupled surface plasmon polaritons (SPP) in the infrared. [38] [39] [40] One of major challenges in NFTR measurement is the creation and accurate characterization of nanometric vacuum gaps between two parallel surfaces at macroscopic scale.
Watjen et al. 41 created vacuum gaps by patterned SiO2 posts, whose conduction contributes about 20% ~ 50% of the total heat transfer, and experimentally found that the NFTR between two 10×10 mm 2 Si plates is 11 times over the blackbody limit at 200 nm gap spacing. 
RESULTS AND DISCUSSION
We measured the parallel-plate capacitance between two heavily-doped silicon samples and precisely determined the vacuum gap distance in-situ during near-field thermal measurements.
As depicted in Figure 2(a) , samples are intentionally misaligned such that the sample corners are nm, and 205 nm respectively). While the relative difference is less than 10%, it is more reasonable to use the gap distance directly measured from capacitance across the actual vacuum gap where the NFTR occurs between mounted emitter and receiver samples, rather than to simply take the SU-8 heights from the profilometer measurement to be the gap distance in case of accidental wafer deformation and dust particles during sample mounting. 
where Cu = 0.08 K/W and glass = 9.5 K/W were respectively calculated conduction thermal resistances of the copper plate and glass slide based on the size, thickness and thermal conductivity, while 5% of error is taken from error propagation analysis. Thermal pads were used at all interfaces, while the contact thermal resistances at both surfaces of the glass slide (i. 
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In order to understand the near-field enhancement mechanism, spectral radiative heat flux was calculated at vacuum gap d = 190 nm with emitter temperature T1 = 400 K and receiver temperature T2 = 300 K for silicon samples of doping level of 2×10 19 cm 1 . As shown in Figure   5 (a), the total spectral heat flux peaks around angular frequency 1.1×10 14 rad/s, which is caused by the spectral enhancement from p-polarized waves. Note that strong SPP coupling across nanometric vacuum gaps could occur for heavily doped silicon in the infrared to result in enhanced near-field radiative transfer. 40 Moreover, the plasma frequency of silicon with 2×10 
METHODS

Fabrication of Low-density SU-8 Posts
After O2 plasma cleaning, silicon chips at size of 1×1 cm 2 were spin coated with SU-8 photoresist from Microchem with ramped speeds from 500 rpm for 5 seconds to 3000 rpm for 30 seconds ending with 12000 rpm for 2 seconds to eliminate edge effect. The samples were then placed on a hotplate for soft bake at 95℃ for one minute, followed by UV exposure at 80 mJ/cm 2 by an OAI 808 aligner through a well-designed photomask to obtain low-density SU-8 posts. Postexposure baking at 95℃ for one minute was performed and then SU-8 was developed for 40 sec.
Hard baking at 150℃ for five minutes was conducted to ensure good mechanical stability. SU-8 post height was measured by a profilometer. Desired height of SU-8 posts was obtained by reactive ion etching of the photoresist at 100 nm/min with well-controlled etching time and gas flow rates.
Dielectric Function of Doped Silicon
A Drude model was used to describe the infrared dielectric function of doped silicon as ( ) = , where ∞ = 11.7 is the high-frequency constant. Plasma frequency p and scattering rate  depend on the dopant type, doping level, and temperature, which are determined by the models described in Ref. 39 , while optical phonon absorption within intrinsic silicon is neglected. The penetration depth is defined as = /4, where  is the wavelength and  is the extinction coefficient calculated from the dielectric function.
Theoretical Calculation for Near-field Radiative Heat Transfer
Based on fluctuational electrodynamics, near-field radiative heat transfer between two radiating media with temperatures of T1 and T2 is expressed as 
Here, the subscripts 1, 2 and 3 denote the emitter, the vacuum layer and the receiver, respectively. 
Dispersion Relation of Coupled Surface Plasmon Polaritons
The dispersion relation for surface plasmon polariton (SPP) coupling is calculated via (S4)
Error Propagation Analysis
The experimental uncertainty of the measured near-field radiative heat flux qNFR was evaluated based on the following error propagation analysis:
where xi is the measured variable including RCu, Rglass, Agap, T2 and T3, while sx,i is the corresponding error. The partial derivatives of qNFR with respect to each variable is found from Eqs. 1 and 2.
